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INTRODUCTION 

The g a s i f i c a t i o n  of coa l  with steam and oxygen under e levated pressure  i s  
an e s s e n t i a l  s t e p  i n  the  Bureau of Mines Synthane process f o r  convert ing c o a l  t o  
s y n t h e t i c  p i p e l i n e  gas .  U s e  of a s u i t a b l e  c a t a l y s t  o r  a d d i t i v e  i n  t h e  g a s i f i c a -  
t i o n  s t e p  could conceivably improve the  g a s i f i c a t i o n  of coal. E a r l i e r  i n v e s t i -  
g a t o r s  have catalyzed the  g a s i f i c a t i o n  of coke and carbon wi th  var ious a d d i t i v e s  
and have demonstrated t h a t  some b e n e f i t s  would r e s u l t  from t h e  c a t a l y s i s  of gasi-  
f i c a t i o n  a t  atmospheric pressure.  Vignon (L), f o r  example, showed t h a t  the  per- 
centage of methane i n  water gas made from coke can be increased s i g n i f i c a n t l y  by 
a d d i t i o n  of l i m e  t o  t h e  coke. 
f e a s i b i l i t y  of improving t h e  g a s i f i c a t i o n  of graphi te  a t  450' t o  l,OOOo C through 
a d d i t i o n  of K20, CuO, and o t h e r  salts. Continuation of the  s t u d i e s  by Kroger and 
Melhorn (2) ind ica ted  t h a t  a d d i t i o n  of e i t h e r  8 p c t  Liz0 o r  (8 pct  K20 + 3 p c t  
c0304) t o  low-temperature coke increased steam decomposition a t  temperatures of 
500" t o  700" C. More recent ly ,  Kislykh and Shishakov (5) s tudied  t h e  e f f e c t  of 
Fe(C0)5, (Fe2O3 + CuClz), K2C03, and N a C l  upon fluid-bed g a s i f i c a t i o n  of wood char- 
c o a l  a t  750' C and atmospheric pressure .  They found t h a t  sodium c h l o r i d e  was the 
most e f f e c t i v e  a d d i t i v e ,  a c c e l e r a t i n g  g a s i f i c a t i o n  by 62 pc t  and increas ing  steam 
decomposition 2.5-fold. 

Neumann, Kroger, and Fingas (2) demonstrated t h e  

The work on c a t a l y s i s  reviewed thus f a r  does not include g a s i f i c a t i o n  a t  I _  

e leva ted  pressures  nor  the  use of v o l a t i l e  coals .  The bench-scale work now 
repor ted  compares t h e  c a t a l y t i c  a c t i v i t y  of var ious  a d d i t i v e s  i n  the  g a s i f i c a -  
t i o n  of v o l a t i l e  c o a l s  with steam under pressure  and s t u d i e s  o t h e r  process  param- 
e t e r s  of i n t e r e s t  such a s  g a s i f i c a t i o n  temperature, type of contac t  with the  cat-  
a l y s t ,  degree of g a s i f i c a t i o n ,  and repeated use of a c a t a l y s t .  Resul ts  of p i l o t  
p lan t  g a s i f i c a t i o n  tests using a d d i t i v e s  are a l s o  reported. 

Bench-Scale Studies  

The g a s i f i c a t i o n  t e s t s  were conducted i n  two bench-scale r e a c t o r  u n i t s ,  
u n i t s  A and B. The units were e s s e n t i a l l y  t h e  same; each u n i t  contained an 
e l e c t r i c a l l y  heated r e a c t o r  constructed of a 21-in-long s e c t i o n  of 3/4-in, 
schedule 160 pipe of type 321 s t a i n l e s s  steel. 
contained i n  t h e  middle 6 i n  of t h e  r e a c t o r  t o  minimize the  spread of bed temper-  
a tures .  Alumina c y l i n d e r s  f i l l e d  t h e  void space a t  each end of the  r e a c t o r .  Three 
thermocouples were l o c a t e d  i n  the  6-in r e a c t o r  zone, 112  i n ,  3 i n ,  and 52112 i n  
from t h e  top of the  zone. 
couple and w a s  considered t h e  nominal temperature of t h e  reac t ion .  
bottom bed temperatures w e r e  genera l ly  wi th in  35' C of the maximum temperature. 

The coal-addi t ive charge w a s  

The maximum temperature occurred a t  the  middle thermo- 
The top a n d .  

During a g a s i f i c a t i o n  t e s t ,  t h e  c o a l  charge was g a s i f i e d  by steam, which was 
introduced by s a t u r a t i o n  of the n i t rogen  c a r r i e r  gas. 
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Figure 1 shows a schematic flowsheet of a r e a c t o r  u n i t  and its a u x i l i a r y  
equipment: high-pressure gas  supply, s i l i c a  g e l  and charcoa l  p u r i f i e r s ,  c a l i -  
b ra ted  c a p i l l a r y  meter as feed  gas flow i n d i c a t o r ,  gas s a t u r a t o r  t o  humidify t h e  
feed gas ,  condenser and t r a p  f o r  l i q u i d  product c o l l e c t i o n ,  and gasometer f o r  
metering and c o l l e c t i n g  of t o t a l  product  gas. 
a back-pressure regula tor .  
wi th in  2 0.6" C by a chromel-alumel thermocouple c o n t r o l  system. 

Reactor pressure  w a s  c o n t r o l l e d  by 
Temperature of t h e  gas  s a t u r a t i o n  w a s  cont ro l led  

Analyses of dry product gases  w e r e  done by mass spectrometer  a s  w e l l  a s  gas 
chromatography. The l i q u i d  product about 95 pct  water ,  was drained and weighed. 

Coal Used 

The c o a l  charged i n  a l l  t h e  tests discussed i n  t h i s  repor t  was  a s i n g l e  batch 
of h igh-vola t i le  bituminous c o a l  (Bruceton, Pa.) t h a t  had been p r e t r e a t e d  a t  450" C 
with a steam-air mixture t o  des t roy  its caking q u a l i t y .  The p r e t r e a t e d  c o a l  w a s  
crushed and sieved t o  a p a r t i c l e  s i z e  of 20 t o  60 mesh. Proximate and u l t i m a t e  
analyses  of t h e  p r e t r e a t e d  c o a l  are.shown i n  t a b l e  1 below, i n  weight percent :  

TABLE 1.. - Analyses of p r e t r e a t e d  coa l  used .for feedstock 

Proximate U l t i m a t e  
Moisture 1.5 Hydrogen 3.9 
Vola t i le  22.4 Carbon 74.3 
Fixed carbon 65.5 Nitrogen 1.5 

Sul fur  1.0 
Ash - 10.6 

Ash 10.6 Oxygen 8.7 

Standard G a s i f i c a t i o n  Tests f o r  Screening Addit ives  

Standard g a s i f i c a t i o n  tests were conducted i n  u n i t s  A and B t o  determine the  
e f f e c t  of var ious  a d d i t i v e s  upon rate of carbon g a s i f i c a t i o n ,  rate of gas produc- 
t i o n ,  and o t h e r  g a s i f i c a t i o n  parameters. 

I n  u n i t  A, the s tandard  g a s i f i c a t i o n  tests using var ious  c a t a l y s t s  were made 
a t  the  s e l e c t e d  opera t ing  condi t ions  of 850" C, 300 p s i g ,  and 5.8 g/hr  steam feed 
c a r r i e d  by 2,000 cm3 Ng/hr. 
c a t a l y s t s  were e i t h e r  powders or c r y s t a l s  t h a t  w e r e  admixed w i t h  t h e  c o a l  except  
i n  the case  of experimed203. In experiment 203, a metal  tubular  i n s e r t  was flame- 
spray coated wi th  about  10 g of unact ivated Raney n icke l ,  then i n s e r t e d  i n  the coa l  
bed. In emeriment  200: the Rnnpy n i c k e l  PII+_B~;~_E+_ pevder v ~ c  :=:2,-::;2 o r  q p r c x -  
imately 65 p c t  reduced by t reatment  with 2 p c t  sodium hydroxide so lu t ion .  
reduced a c t i v a t e d  s t a t e ,  t h e  c a t a l y s t  was dr ied ,  mixed wi th  coa l ,  and charged i n t o  
t h e  u n i t  under an inert  atmosphere of ni t rogen.  

The c o a l  charge was 10 g p l u s  0.5 g of c a t a l y s t .  A l l  

In t h e  

Reaction time, a t  the  d e s i r e d  r e a c t i o n  temperature, was h e l d  constant  a t  4 hrs .  

Steam f low was not s t a r t e d  u n t i l  bed temperature exceeded 200' C. 
An a d d i t i o n a l  heat-up t i m e  of about 40 min was needed t o  reach t h e  des i red  r e a c t i o n  
temperature. 
Conditions i n  u n i t  B were t h e  same as i n  unit  A except  t h a t  the  steam rate w a s  
s l i g h t l y  lower a t  5.0 g/hr .  
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Generally, tests were conducted i n  t r i p l i c a t e  o r  h igher  r e p l i c a t i o n .  The 
average devia t ions  i n  carbon g a s i f i c a t i o n  r a t e  determinat ions genera l ly  ranged 
from 1 t o  5 pc t .  

The experimental r e s u l t s  of the  screening tests conducted i n  u n i t  A are 
presented i n  t a b l e s  2a  and 2b; and f o r  u n i t  B,  are presented i n  t a b l e s  3a and 3b. 
The s p e c i f i c  gas production r a t e s  and g a s i f i c a t i o n  r a t e s  presented a r e  based on 
the  approximate 4-hr r e a c t i o n  t i m e  a t  850" C. The r e s u l t s  i n d i c a t e  t h a t  methane 
production r a t e s  as w e l l  as carbon g a s i f i c a t i o n  rates can be increased s i g n i f i -  
can t ly  by admixing c e r t a i n  compounds with t h e  coa l  feed.  

The rate of carbon g a s i f i c a t i o n  f o r  the  uncatalyzed c o a l  w a s  about 10 pct  
higher i n  u n i t  A than i n  u n i t  B (experiment 167 vs 300). The s l i g h t l y  higher  
steam rate i n  u n i t  A i s  suspected a s  t h e  cause of t h e  h igher  r e a c t i o n  rate. Be- 
cause of t h i s  d i f f e r e n c e  i n  absolu te  r a t e s ,  the  percent  i n c r e a s e s  achieved i n  gas- 
i f i c a t i o n  r a t e s  and gas production rates due t o  a d d i t i v e s  were r e l a t e d  only t o  
r a t e s  obtained i n  the  g a s i f i c a t i o n  of t h e  uncatalyzed c o a l  i n  t h e  same u n i t .  Shown 
i n  t a b l e  4 a r e  t h e  r e l a t i v e  e f f e c t s  of 40 a d d i t i v e s  upon the  product ion of methane 
and hydrogen; and shown i n  t a b l e  5 a r e  t h e i r  r e l a t i v e  e f f e c t s  upon the  production 
of carbon monoxide and t h e  g a s i f i c a t i o n  of carbon. The a d d i t i v e s  are l i s t e d  i n  
decreasing order  of percent  increased  production. The corresponding r e a c t o r  u n i t  
used ( e i t h e r  A o r  B) i s  a l s o  l i s t e d .  

Table 4 shows t h a t  a t  s tandard  test condi t ions ,  a l l  t h e  a d d i t i v e s  l i s t e d  

The sprayed Raney n i c k e l  c a t a l y s t  
except ZnBr2 increased methane production and t h a t  a l l  t h e  t e s t e d  a d d i t i v e s  in- 
creased hydrogen product ion s i g n i f i c a n t l y .  
increased methane production by 24 p c t  and was the m o s t  e f f e c t i v e  m a t e r i a l  f o r  
promoting methane production. 
ing methane production w e r e  LiCO3, Pb304, and Fe3O4 with respec t ive  methane in- 
creases  of 2 1 ,  20, and 18 pc t .  

The next  t h r e e  m a t e r i a l s  ranking h i g h e s t  i n  promot- 

A comparison of t h e  methanation a c t i v i t y  of z i n c  oxide with t h a t  of z inc  bro- 
m i d e  i n d i c a t e s  t h a t  the  anion group of a c a t a l y s t  can e x e r t  s i g n i f i c a n t  in f luence  
on the a c t i v i t y .  

As shown i n  t a b l e  4 ,  the  a l k a l i  metal  compounds proved t o  be among the  b e s t  
The percent  i n c r e a s e  i n  hydrogen produced was promoters of hydrogen production. 

105, 83, 55, and 53 p c t ,  respec t ive ly ,  with the  a d d i t i o n  of KC1, K2CO3, LiCO3, and 
NaC1. 
production y ie ld ing  a hydrogen increase  of 63 pct .  

The sprayed Raney n i c k e l  was the  t h i r d  most e f f e c t i v e  promoter of hydrogen 

Table 5 shows t h a t  the  a l k a l i  metal  compounds K2CO3, K C 1 ,  and L i C O 3  gave the  

The compound NaCI providea a-s igi i iTicant  
g r e a t e s t  increase  i n  carbon monoxide production as  w e l l  a s  i n  carbon g a s i f i c a t i o n ;  
the increases  ranged from 40 t o  91 pct .  
increase  of 31 p c t  i n  carbon g a s i f i c a t i o n  but  was  much l e s s  e f f e c t i v e  i n  increas ing  
the  production of carbon monoxide (7-pct increase) .  

A s  shown i n  t a b l e s  2b and 3b, the  u n i t  hea t ing  va lues  of the  t o t a l  product 
gases genera l ly  decreased as  a r e s u l t  of mixing a d d i t i v e s  wi th  t h e  c o a l  bu t ,  s i n c e  
the t o t a l  gas make w a s  increased,  t h e  t o t a l  amount of f u e l  va lue  produced as product 
gas increased.  

Two methods of applying catalyst--by admixing with t h e  c o a l  o r  by coat ing the 
sur face  of an i n s e r t  o r  carrier--may be compared i n  the  case of unact ivated Raney 
n icke l  c a t a l y s t  (experiments 203 and 197). 
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TABLE 4 .  - Increase i n  the production o f  methane and hydrogen 

Increase  
i n  

C a t a l y s t  Unit CHq.PCt, 

Raney n icke l ,  
unact ivated spray 

LiC0'3 

Pes04 
Pb304 

, MgO 
PbO2 
S r O  
T i 0 2  

B203 
C U O  
ZnO 

N i  
Zr02 

c r203 

A 1 2 9  

Sb205 
c r 9  
v205 
Raney n i c k e l  
. unact ivated mix 
BaO 
MOQ3 
N t C  12' 6H20 
Ca (OH) 2 
c o o  
N is 04 6H& 
moa 

Biz% 
N i O  
cu,o 
KC 1 
K&o3 
N i 2 9  

. NaCl 

Raney n icke l  

Fe 
SnO, 
ZnBr 

a c t i v a t e d  mix 

A 24 
B 21 
B 20 
B 18 
B 17 

B 1 7  
B 16 
B 16 
B 16 
B 15 
A 14 
B 14 
B 13 
B ' 13 
B 13 
B 13 
B 13 

A 12 
B 12 
B 12 
A 11 
B 11 
B 11 
A 10 
B 10 
A 9 
B 9 
B 8 
B 8 
.- A I 
A 6 
B 5 

A 4 
A 4 
A 1 
A -3 

B ' 17 

KCl 
K&% 
Raney nlckel  

L i C h  
unac t i v a  ted  spray 

NaC 1 
Raney nickel  

N i C  1,. 6H20 
Pb02 
ZnO 
P b 0 4  
SrO 
B2Q3 
c u,o 

a c t i v a t e d  mix 

c uo 
BaO 
Sb2O5 
MOO3 
coo 
B i z 4  
ZnBr , 
Hiso 
Ti02 
NiS04 6H& 
Fe2.04 

N I O  
A1203  

CrQ3 
h O 2  
Zr02 
Raney n icke l  
- uniictivaced mix 
N i  2% 
N i  
SnO, 
V&5 
cr2% 
Ca ( O H 1 2  
F e. 

A 105 
A 83 

A 63 
B ' 55 
A 53 

A 46 
A 43 
B 43 
A 40 
B 39 
B 38 
B 38 
B 38 
B 37 
B 37 
B 37 
B 37 
B 37 
B 36 
A 35 
B 35 
B 34 
A 33 
B 33 
B 33 
B 32 

B 31 
B 31 

A 30 
B 29 
B 29 
A 28 

B 2.5 
B 22 
A 16 

B . 32 

B 28 

Increase  In 
H2 produced, 

n - C  C a t a l v s t  - uni t  C C L  
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TABLE 5. - Increase i n  production of  carbon monoxide and g a s i f i c a t i o n  of 
carbon . 

Increase Increase  i n  
i n  CO carbon g a s i -  

C a t a l y s t  Unit produced,pct Cata lys t  Unit f i e d ,  p a  

K 2 C  03 A 
KC 1 A 
L i C O 3  B 
B i 2 0 3  B 
Sb&5 B 
B 2 0 3  B 
Fe304 B 
Cr203 B 
Zr02 B 
Pb304 B 
c uo B 
A1203 B 
N i  B 
C U B 0  B 
PbO2 B 
cr03 B 
N i O  B 
Ba 0 B 
Ti02 B 
coo B 
MgO B 
v205 B 
Mno2 B 
Moo3 B 
N i 2 0 3  B 
S r 0  B 
Raney n icke l ,  un- 

a c t i v a t e d  spray A 

NaC 1 A 
Raney n icke l ,  un- 

a c t i v a t e d  mix A 
ZnO A 

ZnBr2 A 

N i C  1,. 6H20 A 
N i S O +  -6H20 A 

Ca(0H); B 

Sn02 A 

Raney n icke l  
a c t i v a t e d  mix A 

Fe A 

91 
81 
72 
6 9  
69 
62 
60 
55  
53 
52 
49 
45 
42 
41 
40 
39 
38 
30 
30 
29 

27 
21 
19 
16 
15 

8 
8 
7 

2a 

5 
5 
4 

-3 

-4 
-15 
-21 
-24 

KC 1 A 
K2C 03 A 
L i C  03 B 
NaC 1 A 
Pbs 04 B 
BaO B 
B 2 0 3  B 
PbOg B 
Biz03 B 
cr203 B 
Sbz05 B 
ZnO A 
SrO - B 
N i C l  6H20 A 
MgO B 
F e d 4  B 
c uo B 
zr02 B 
T LO2 B 
c-3 B 
A 1 2 0 3  B 
NI'S04.6H20 A 
Mn02 B 

C U 2 0  B <  
coo  B 

Raney Oickel 
a c t i v a t e d  mix A 

N i 0  B 
Raney n icke l  

unact ivated mix A 
N i  B 
MOO3 B 
v205 B 
ZnBr, A 
N i 2 0 3  B 

a c t i v a t e d  spray  A 
Sn02 A 
Ca(OH)2 B 

Raney n icke l ,  un- 

Fe A 

66 
62 
40 
31 
30 
28 

27 
26 
26 
26 
26 
25 
24 
23 
23 
22 
22 
22  
22 
22 
2 1  
2 1  
2 1  
21 

2a 

20 
20 

19 
19 
19 
19 
17 
14 

. l o  
10 
9 
6 
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Admixing of the c a t a l y s t  wLth th.e coa l  provides  b e t t e r  contact  betweea 
coa l  and c a t a l y s t  than does t h e  i n s e r t i o n  of ca ta lyzed  sur faces  i n t o  the  bed 
of coal .  The super ior  c o n t a c t  achieved by admixing t h e  c a t a l y s t  and coa l  is 
proven by t h e  higher s p e c i f i c  rate of carbon g a s i f i c a t i o n  obtained by the  ad- 

' mixed Raney n i c k e l  (unac t iva ted)  i n  experiment 197 over t h a t  of sprayed Raney 
n i c k e l  (unact ivated)  i n  experiment 203 ( t a b l e s  2a and 2b). This is f u r t h e r  
confirmed a n a l y t i c a l l y  by t h e  l a r g e r  amount of carbon l e f t  i n  t h e  res idue  i n  the  
case of t h e  sprayed Raney n i c k e l  c a t a l y s t .  

Table 2a i n d i c e t e s  + h i t  the Kiney n i c k e l  (--ecfivntcd) cataljjst v86 iiieie 
e f f e c t i v e  i n  promoting methane product ion when sprayed on a s u r f a c e  than when i t  
was admixed with the  c o a l  charge. Apparently, t h e  process  of methane synthes is  
from CO and H2 was more e f f e c t i v e l y  promoted by t h e  sprayed Raney n i c k e l  [unacti- 
vated)  c a t a l y s t .  
the  case of t h e  sprayed Raney n i c k e l  (unact ivated)  c a t a l y s t  is t h a t  t h e  poorer  con- 
t a c t  between coa l  and c a t a l y s t  r e s u l t e d  i n  less reforming of methane and o ther  hydro- 
carbons. Hydrogen product ion w a s  a l s o  g r e a t e r  when t h e  sprayed Raney n i c k e l  (unact i -  
vated)  c a t a l y s t  was used than when Raney n i c k e l  (unact ivated)  w a s  admixed wi th  the  
coal. 

Another p o s s i b l e  reason f o r  t h e  grea tex  product ion of methane in  

E f f e c t  of Temperature and Steam Rate 

Gas i f ica t ion  experiments similar t o  t h e  s tandard  tests were conducted i n  

The c a t a l y s t  used w a s  flame-sprayed 
u n i t  A,  except  t h a t  the  r e a c t i o n  temperatures w e r e  var ied  from 650' t o  950' C and 
steam r a t e s  used were 1.16 and 5.8 g/hr .  
Raney n i c k e l  65 p c t  a c t i v a t e d .  Also, tests w e r e  conducted a t  750" C and 1.16 g/hr  
steam r a t e  wi th  sprayed Raney n i c k e l  a c t i v a t e d  and charged w e t  and a t  850' C,  and 
5.8 g/hr  steam rate with sprayed Raney n i c k e l  unact ivated.  

Resul ts  of these experiments are presented i n  f i g u r e s  2, 3, 4, 5, and 6, 
where rates of production of methane, hydrogen, carbon monoxide, carbon gas i f ica-  
t i o n ,  and product ion of t o t a l  dry gas, r e s p e c t i v e l y ,  a r e  shown. A t  the  temperatures 
and steam rates shown i n  t h e s e  f i g u r e s ,  t h e  presence of t h e  sprayed Raney n i c k e l  
i n s e r t  has r e s u l t e d  i n  a h i g h e r  product ion of near ly  a l l  t h e  major gases and i n  a 
h igher  carbon g a s i f i c a t i o n  than t h a t  achieved without  c a t a l y s t s .  One except ion is 
i n  the  case of methane product ion with t h e  a c t i v a t e d  sprayed Raney n i c k e l  a t  850' 
and 950' C f o r  5.8 g /hr  steam rate ( f i g .  21, when methane product ion was g r e a t e r  
f o r  the  uncatalyzed r e a c t i o n  than f o r  t h e  catalyzed reac t ion .  
i n c r e a s e  i n  methane product ion was achieved a t  850' C and 5.8 g/hr  steam r a t e  when 
the  unac t iva ted  s p r a y e d  Raney n i c k e l  was used as compared t o  when no c a t a l y s t  was 
used ( f i g .  2).  The o t h e r  except ion is in the  product ion-of  carbon monoxide a t  950' C 
and 1.16 g /hr  steam rate ( f i g .  4). I n  t h i s  case, carbon monoxide product ion was 
5 p c t  lower f o r  the catalyzed r e a c t i o n  than f o r  the  uncatalyzed reac t ion .  

HoweGer, a 6-pct 

I n  genera l ,  e f f e c t i v e n e s s  of t h e  c a t a l y s t  decreases  as temperature is increased.  
For example, t h e  increases  achieved i n  carbon g a s i f i c a t i o n  and i n  t o t a l  gas produc- 
t i o n  due t o  t h e  use of c a t a l y s t  became smal le r  as t h e  r e a c t i o n  temperature increased 
from 750' t o  950' C (Figs. 5 and 6). I n  the 5.8 g/hr  steam r a t e  tests, t h e  carbon 
g a s i f i c a t i o n  rate a t  750' C w a s  increased  by 0.017 g /hr /g  c o a l  charged f o r  a 33-pct 
increase ,  whereas a t  950' C t h e  i n c r e a s e  in carbon g a s i f i c a t i o n  was n e g l i g i b l e  a t  
an increment of 0.001 g /hr /g  c o a l  charged. 
increased  43  p c t  a t  750' C and 10 p c t  a t  950' C. 

S i m i l a r l y ,  t o t a l  gas product ion w a s  

10 
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A s  shown by t h e  gas  production and carbon g a s i f i c a t i o n  rates presented 
i n  f i g u r e s  2 through 6, f o r  r eac t ion  temperatures of 750" C and higher ,  the  
higher  steam feed r a t e  of 5.8 g /h r  r e s u l t e d  i n  s i g n i f i c a n t l y  higher production 
rates over t h a t  achieved a t  t he  lower steam rate of 1.16 g /h r .  

Repeated U s e  of Sprayed Raney Nickel Ca ta lys t  

To determine the  s t a b i l i t y  of sprayed Raney n i c k e l  c a t a l y s t ,  a s i n g l e  i n s e r t  
flame-sprayed w i t h  Raney n i c k e l  c a t a l y s t  was  subjected t o  fou r  g a s i f i c a t i o n  tests 
a t  750° C,  300 ps ig ,  and a steam rate of 1.16 g lh r .  The r e s u l t i n g  gas production 
rates are shown i n  f i g .  7; a l s o  shown i s  the  base case ,  with no c a t a l y s t  i n s e r t e d  
i n  the  bed. 

Gas production rates presented i n  f i g u r e  7 i n d i c a t e  t h a t  t he  a c t i v i t y  of t he  
The gas produc- 

An ex t r apo la t ion  of t he  t o t a l  gas production 

sprayed Raney n i c k e l  c a t a l y s t  i n s e r t  decreased r a p i d l y  with use. 
t i o n  of t h e  fou r th  tes t  (17.8 h r  s e r v i c e ) ,  w a s  only about 10 pc t  g r e a t e r  than t h a t  
obtained when no c a t a l y s t  w a s  used. 
rate as a funct ion of accumulated s e r v i c e  t i m e  on one c a t a l y s t  i n s e r t  i n d i c a t e s  
t h a t  t he  c a t a l y s t  i n s e r t  would be completely i n e f f e c t i v e  after about 20 h r s  of 
operat ion.  Considerable flaking-off of the  c a t a l y s t  i s  apparent;  thus the  need 
is  ind ica t ed  f o r  an e f f e c t i v e  bonding agent  o r  a l loy ing  substance t h a t  w i l l  in- 
crease the  phys ica l  d u r a b i l i t y  of t h e  c a t a l y s t .  Su l fu r  compounds g a s i f i e d  from 
the  coa l  are a l s o  suspected of poisoning the  n i c k e l  c a t a l y s t  and r e s u l t i n g  i n  the  
dec l ine  i n  a c t i v i t y  wi th  t i m e .  

E f f e c t  of Extent of Gas i f i ca t ion  Time 

A series of tests were conducted t o  determine whether c a t a l y s t s  remain e f f ec -  
t i v e  as t h e  e x t e n t  of g a s i f i c a t i o n  inc reases .  Sprayed Raney n i c k e l  inserts and CaO 
powder were subjected t o  t h e  s tandard test condi t ions of 850° C ,  300 p s i g ,  5.8 g/hr  
steam rate  bu t  with g a s i f i c a t i o n  t i m e s  varying from 2 t o  8 h r s .  The abridged re- 
s u l t s  presented i n  t a b l e  6 show t h a t  although the  o v e r a l l  ra te  of g a s i f i c a t i o n  de- 
c reases  with e x t e n t  of g a s i f i c a t i o n  o r  with t h e  length of time of g a s i f i c a t i o n ,  
t he  c a t a l y s t s  t e s t e d  s t i l l  gene ra l ly  increased the  ra te  of carbon g a s i f i c a t i o n ,  
and the  rate of gas production, as ind ica t ed  by CH4 production, over  t h a t  achieved 
with no c a t a l y s t .  

TABLE 6. - E f f e c t  of e x t e n t  of g a s i f i c a t i o n  time'upon 
o v e r a l l  e f f ec t iveness  of c a t a l y s t  

Unit A. - Temperature, 850° C ,  N2 flow, 2000 s t d  cc fh r ;  
steam rate,  5.8 g/hr  

CHq product ion Carbon g a s i f i c a t i o n  
Gas i f i ca t ion  t i m e ,  R r  2 6 2 6 

Rates with no c a t a l y s t  53.3 cc /h r /g  28.6 cc fh r fg  0.087 g /h r /g  0.062 g/hr /g  
Rates wi th  CaO 56.9 cc /h r /g  30.7 cc /h r /g  .090 g /h r /g  .062 g /h r /g  

Rates with sprayed 

Increase due t o  Raney 

Increase due t o  CaO 7 p c t  7 p c t  3 p c t  0 p c t  

Raney n i c k e l  c a t a l y s t  70.9 c c f h r f g  38.3 cc/hr /g  .093 g/hr /g  .063 g/hr /g  

n i c k e l  33 p c t  34 p c t  7 p c t  2 pc t  

11 



Effec t  of Residues from C a t a l y t i c  Gas i f ica t ion  

The c a t a l y t i c  e f f e c t i v e n e s s  of ash residues (some contain e i t h e r  r e s i d u a l  
KC1 or  K2C03) from t o t a l  g a s i f i c a t i o n  opera t ions  were t e s t e d  and compared wi th  
t h e  e f f e c t i v e n e s s  of t h e  f r e s h  a d d i t i v e ,  KzCO3 and KC1. 

The g a s i f i c a t i o n  res idues  were prepared by nominally complete steam-gasifica- 
t i o n  of coa l  i n  a 1- in  diameter e l e c t r i c a l l y  heated,  v e r t i c a l l y  mounted s t a i n l e s s -  
s t e e l  r e a c t o r .  The coa l  charge cons is ted  of 70 g of p r e t r e a t e d  Bruceton coa l  plus  
3.5 g of  admixed c a t a l y s t ;  t h e  charge was  g a s i f i e d  a t  950" t o  970' C and atmospheric 
p r e s s u r e  using a steam feed rate of 45 g/hr .  
stopped whenever the flow of dry product gas appeared t o  cease. Carbon and ash con- 
t e n t  o f  the p r e t r e a t e d  coa l  and of res idues  a f t e r  t o t a l  g a s i f i c a t i o n  and residue 
analyses  a r e  presented i n  t a b l e  7 .  The ash analyses  show t h a t  ash from the  cata-  
lyzed c o a l s  contained s i g n i f i c a n t l y  l a r g e r  amounts of potassium than did the ash of 
uncatalyzed coal .  

The preparatory g a s i f i c a t i o n  s t e p  w a s  

In the  s tandard screening  t e s t s  conducted i n  u n i t  A,  the  amount of res idue  ad- 
mixed wi th  the  10-g c o a l  charge was one-seventh of the  res idue  from t h e  t o t a l  gasi-  
f i c a t i o n .  Thus, a t h e o r e t i c a l  equivalent  of 0 .5  g of the  o r i g i n a l  3.5 g of c a t a l y s t  
w a s  charged with the c o a l  i n  t h e  s tandard screening t e s t .  Production r a t e s  obtained 
i n  the s tandard  screening tests a r e  presented i n  t a b l e  8 f o r  the  case of p l a i n  pre- 
t r e a t e d  coa l ,  f o r  the cases of addi t ion  of c a t a l y s t - f r e e  res idue ,  pure K2CO3 and K C 1 ,  
and f o r  the  addi t ion  of r e s i d u e s  from t h e  t o t a l  g a s i f i c a t i o n  of the c o a l s  admixed 
with K2CO3 and KC1. 

The r e s u l t s  of the  tests on res idues  from t o t a l  g a s i f i c a t i o n  of c o a l  i n d i c a t e  
t h a t  potassium compounds, K2CO3 and KCL, i n  t h e  res idues  r e t a i n e d  most of t h e i r  a c t i -  
v i t y  i n  increas ing  the  product ion of methane, l o s t  p a r t  of t h e i r  c a p a b i l i t y  of in- 
c reas ing  hydrogen product ion,  and i n h i b i t e d  carbon monoxide production. The a d d i t i o n  
of 1.14 g of ca ta lys t - f ree  res idue  had very l i t t l e  e f f e c t  on e i t h e r  methane o r  t o t a l  
gas product ion (experiment 220 vs 167). 

P i lo t -P lan t  T e s t s  

Tests using addi t ives  mixed i n  the coal  feed were conducted i n  t h e  Bureau's 
4-in diameter Synthane g a s i f i e r  system. 
a f luidized-bed p r e t r e a t e r  and then dropped i n t o  the fluidized-bed g a s i f i e r  f o r  
steam-oxygen g a s i f i c a t i o n .  
o t h e r s  (5). 

I n  t h i s  system, c o a l  is f i r s t  decaked i n  

The general  operat ion has been described by Forney and 

Ranges of p r e t r e a t e r  and g a s i f i e r  condi t ions used i n  t h i s  s e r i e s  of t e s t s  were 
as fol lows:  

P r e t r e a t e r  G a s i f i e r  

----- ---- Coal r a t e ,  l b / h r  17.8 - 21.2 

N 2  feed,  s c f / l b  c o a l  5.4 - 6.2 

Av. temp., O C  3aa 515 907 - ,945 

02 feed,  s c f / l b  c o a l  .31 - .37 2.12 - 3.4 

Steam feed, s c f / l b  c o a l  ----- ----- 
----- ---- 
19.6 - 25.4 

P r e t r e a t e r  and g a s i f i e r  p r e s s u r e  w a s  40 atm. 

1 
I 
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To a l l e v i a t e  opera t ing  d i f f i c u l t i e s  i n  the p r e t r e a t e r  due t o  unwanted s t e a m  
condensation, a n i t rogen  gas  feed was s u b s t i t u t e d  f o r  t h e  steam feed  of t h e  ere- 
t r e a t e r .  

The coal  feed  w a s  I l l i n o i s  N o .  6, River King Mine, 20 x 0 mesh s i z e .  Addit ives  
used were hydrated l i m e  and dolomite, and a d d i t i v e  concent ra t ions  used i n  t h e  c o a l  
feed mixtures  were 5 and 2 p c t  by weight, r e spec t ive ly .  The analyses  and s i z e s  of 
the  add i t ives  w e r e  a s  follows: 

Hydrated lime: minimum CaO, 72 w t  p c t  
minimum MgO, .05 w t  p c t  
95 p c t  less than 325 mesh, and 

Dolomite : CaC03, 55 w t  p c t  
MgCO3, 44 w t  p c t  
85 p c t  less than 100 mesh 

Resul t s  

The e f f e c t  of the  add i t ives  upon the  pe rcen t  carbon g a s i f i e d  and percent  steam 
decomposed can be seen i n  f i g u r e  8 f o r  g a s i f i c a t i o n  temperature i n  t h e  900' t o  950' C 
range. Addition of 5 p c t  of e i t h e r  hydrated l ime o r  dolomite t o  t h e  coa l  r e s u l t e d  i n  
s i g n i f i c a n t  increases  i n  carbon g a s i f i e d .  
i n  an inc rease  i n  carbon g a s i f i e d  of about 29 p c t  a t  an average g a s i f i c a t i o n  tempera- 
t u r e  of 914" C. Addi t ion of 5 p c t  dolomite gave a 20-pct i nc rease  i n  carbon gas i f i ed  
a t  945" C.  These increases  compare favorably wi th  the  9-pct increase  obtained i n  the  
850' C bench-scale test l i s t  using 5-pct a d d i t i o n  of hydrated lime. 

The 2-pct add i t ion  of dolomite d id  not  s i g n i f i c a n t l y  increase  t h e  percent  carbon 

The 5-pct hydrated l ime add i t ion  r e su l t ed  

gas i f i ca t ion .  

Steam decomposition was not  s i g n i f i c a n t l y  increased  by e i t h e r  dolomite or  hydrat- 
ed lime a t  the  2- and 5-pct l e v e l s ,  r e spec t ive ly .  

The e f f e c t  of the  add i t ive  upon y i e l d  of hydrogen and methane i n  t h e  p i lo t -p l an t  
u n i t  i s  shown i n  f i g u r e  9. A t  an  average g a s i f i c a t i o n  temperature of 914" C ,  add i t ion  
nf 5 p c t  hydrated l i m e  i n  the  c o a l  feed  increased  t h e  hydrngen y i e l d  approximazel: 
30 p c t  from 6.25 t o  8.1 s c f / l b  of moisture-and-ash-free c o a l  feed. ' A  s i m i l a r  i nc rease  
of 1 7  p c t  was obta ined  by t h e  use  of 5 p c t  dolomite  i n  t h e  c o a l  feed  a t  945" C average 
g a s i f i c a t i o n  temperature. Such s i g n i f i c a n t  i nc reases  i n  hydrogen product ion were a l s o  
observed i n  t h e  bench-scale tests. 

The y i e l d  of methane was increased  s i g n i f i c a n t l y  by 25 p c t  a t  914" C average gasi-  
f i c a t i o n  temperature through t h e  add i t ion  of 5 p c t  hydrated l i m e .  The use of 5 p c t  
dolomite a t  945' C g a s i f i c a t i o n  temperature brought no s i g n i f i c a n t  i nc rease  i n  methane 
y i e l d .  
i f i c a t i o n  temperature (945' C) agrees  with t h e  genera l  t rend  observed on bench-scale 
t e s t s - - tha t  t h e  increase  i n  gas  y i e l d  due t o  c a t a l y s e s  decreases  wi th  inc rease  i n  
temperature. 

Fa i lu re  of c a t a l y t i c  a c t i o n  t o  inc rease  t h e  y i e l d  of methane a t  t h e  h igher  gas- 

The e f f e c t  of add i t ives  upon t h e  y i e l d  of carbon monoxide is shown i n  f i g u r e  10. 
Addit ion of hydrated lime and dolomite a t  t h e  5-pct concent ra t ion  l e v e l s  brought re- 
spec t ive  increases  of 23 and 26 p c t  i n  y i e l d  of  carbon monoxide. 
l a r  i nc reases  i n  product  gas  y i e l d  (CO + H2 + CHq), f o r  the  same addi t ions .  

F igure  11 shows s i m i -  
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Addition of dolomite a t  t h e  2-pct l e v e l  f a i l e d  t o  b r i n g  any s i g n i f i c a n t  in-  
c rease  i n  y i e l d s  of methane, hydrogen, o r  carbon monoxide. 

Other r e s u l t s  i n  p i l o t - p l a n t  operat ion due t o  t h e  use of dolomite and hydrated 
l i m e  a t  t h e  2- and 5-pct concent ra t ion  l e v e l s ,  r e s p e c t i v e l y ,  are t h a t  higher  peak 
temperatures could be t o l e r a t e d  i n  t h e  g a s i f i e r  without  i n c u r r i n g  excessive s i n t e r i n g .  
With no a d d i t i v e  i n  t h e  coal ,  i f  a l o c a l  temperature i n  t h e  g a s i f i e r  exceeded 1000' C y  
the  opera t ion  genera l ly  would terminate  because of excess ive  s i n t e r i n g  or s lagging  of 
the char  ash. With the  a d d i t i v e s  i n  t h e  coa l ,  l o c a l  temperatures as high as 1045' C 
were encountered with no adverse e f f e c t  on operat ions.  A ni~ilar elevetior: ir. siriter- 
i n g  temperature induced by t h e  addi t ion  of limestone t o  t h e  feed c o a l  is reported t o  
be a key f e a t u r e  of t h e  high-temperature Winkler process  (5). 

SUMMARY AND CONCLUSIONS 

The o v e r a l l  r e s u l t s  of t h e  bench-scale i n v e s t i g a t i o n  suggest  t h a t  t h e  use of 
s u i t a b l e  a d d i t i v e s  would improve t h e  coa l  g a s i f i c a t i o n  r e a c t i o n  a t  e leva ted  pressures .  
I n  connection with poss ib le  b e n e f i t s  t o  the Synthane process  f o r  making high-Btu gas ,  
i t  appears t h a t  appropr ia te  a d d i t i v e s  could s i g n i f i c a n t l y  increase  production o f  
methane and hydrogen i n  the  g a s i f i c a t i o n  s tep.  

The bench-scale s tudy t h u s  f a r  has shown the following: 

1. A l k a l i  metal compounds and many o ther  materials such as oxides  of i r o n ,  
calcium, magnesium, and zinc s i g n i f i c a n t l y  increase  t h e  r a t e  of carbon g a s i f i c a t i o n  
and the  production of d e s i r a b l e  gases  such a s  methane, hydrogen, and genera l ly  carbon 
monoxide during steam-coal g a s i f i c a t i o n  at  850' C and 300 psig.  

2. The g r e a t e s t  y i e l d  of methane occurred wi th  the use  of an i n s e r t  flame- 
sprayed Raney n i c k e l  c a t a l y s t  (unac t iva ted) ,  which has  a l i m i t e d  l i f e  of a c t i v i t y .  
S i g n i f i c a n t  methane i n c r e a s e  r e s u l t e d  from the  a d d i t i o n  of 5 p c t  by weight of LiCO3, 
Pb304, Fe304, MgO, and many o t h e r  materials. 

3. The increased g a s i f i c a t i n n  r e s u l t e d  whether t h e  e x t e n t  of c o a l  g a s i f i c a t i o n  
was small o r  grea t .  

4. A t  temperatures above 750' C ,  c a t a l y t i c  e f f e c t i v e n e s s  decreased with f u r t h e r  
i n c r e a s e  i n  temperature. 

5. Residue from t o t a l  g a s i f i c a t i o n  of coa l  mixed wi th  potassium compounds s t i l l  
contained a s i g n i f i c a n t  concent ra t ion  of potassium (over 10 p c t )  and was  e f f e c t i v e  as 
an a d d i t i v e  i n  increas ing  product ion of hydrogen and methane. 

Operation nf the &-in 25:zc:cr Sj-r,tkzr,ro pilai.-pidnc g a s i f i e r  a t  40 atm pressure  
and average temperature of up t o  945" C with dolomite and hydrated l i m e  a d d i t i v e s  a t  
5-pct concent ra t ion  has  increased  product gas  (CO + H 2  + CH4) y i e l d  s i g n i f i c a n t l y  and 
has  increased al lowable opera t ing  temperatures. 
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